Purpose of Review Metabolism is increasingly recognized as a major player in control of stem cell function and fate. How stem cell metabolism is established, maintained, and regulated is a fundamental question of biology and medicine. In this review, we discuss major metabolic programs in stem cells and cancer stem cells, with a focus on key transcription factors that shape the stem cell metabolic phenotype. Recent Findings Cancer stem cells primarily use oxidative phosphorylation for energy generation, in contrast to normal stem cells, which rely on glycolytic metabolism with the exception of mouse embryonic stem cells. Transcription factors control the metabolic phenotype of stem cells by modulating the expression of enzymes and thus the activity of metabolic pathways. It is evident that HIF1α and PGC1α function as master regulators of glycolytic and mitochondrial metabolism, respectively. Summary Transcriptional regulation is a key mechanism for establishing specific metabolic programs in stem cells and cancer stem cells.
Introduction
Stem cells are functionally defined as cells with dual properties of self-renewal and multilineage differentiation potential [1, 2] . Self-renewal is the ability to generate progeny cells with the same developmental capacities as their parent cell, and multilineage differentiation potential is the capacity to generate multiple types of mature cells through differentiation. Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) [3] [4] [5] , and induced pluripotent stem cells (iPSCs) [6, 7] are able to differentiate into any cell type in the body, whereas adult tissue stem cells, such as hematopoietic stem cells (HSCs) [8] and neural stem cells (NSCs) [9] , can differentiate into various types of specialized cells in a particular tissue, thereby helping maintain tissue homeostasis.
In many aspects, cancer development recapitulates the processes of self-renewal and multipotent differentiation of stem cells. Most tumors have a clonal origin [10] . A single transformed cell requires about 30 to 33 cycles of cell divisions to progress to a clinically detectable mass (~10 9 -10 10 cells), and tumorigenic cells can also initiate new tumor growth at distant sites (metastasis), which requires similar numbers of cell doublings [11] . This proliferation process also leads to the generation of tumor cells with heterogeneous phenotypes and biochemical activities, mimicking the differentiation process that normally occurs in the tissue [12, 13] . Thus, tumorigenic cells possess extensive proliferative potential (self-renewal) and the ability to give rise to phenotypically and biochemically diverse progeny cells (differentiation), which are the defining features of stem cells. The cancer stem cell model postulates that tumors are hierarchically organized with a subset of cancer stem cells located at the apex of a pyramid. These cancer stem cells are responsible for sustaining or initiating tumor growth through their self-renewal potential and for generating heterogeneous progeny tumor cells through aberrant differentiation [13] . While it remains controversial whether all cancers follow the cancer stem cell model [14] , there is compelling evidence for the existence of cancer stem cells as defined by their ability to give rise to hierarchically organized tumors, which has been demonstrated in leukemia [15, 16] , breast cancer [17] , glioblastoma [18] , colorectal cancer [19] [20] [21] , pancreatic cancer [22] , and ovarian cancer [23, 24] . Of note, it has long been recognized that embryonic carcinoma cells, which are the undifferentiated cells isolated from teratomas,possess the abilityto generate tumors that containallthreegermlayers [25, 26] .Teratomaformationremains a standard assay for assessing pluripotency of PSCs [27] .
Metabolism is essential for sustaining the bioenergetic and biosynthetic needs of all living cells. Recent studies have revealed a central role of metabolism in control of the function and state of stem cells [28•, 29-31] and cancer stem cells [32•, 33] . Studies of stem cell and cancer stem cell metabolism have been focused on two major metabolic processes for energy production ( Fig. 1) , glycolysis in the cytosol and the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) in the mitochondrion [34] . Glycolysis is a series of enzymatic reactions that convert glucose to pyruvate, generating two net ATP molecules per molecule of glucose. Though relatively inefficient in ATP production, the glycolytic pathway has a key role in providing essential biosynthetic intermediates for the synthesis of amino acids, nucleotides, fatty acids, and NADH. In cells under hypoxic conditions, pyruvate is further converted to lactate, which is then excreted. However, cancer cells predominantly convert pyruvate to lactate even in the presence of sufficient oxygen, a phenomenon known as aerobic glycolysis or the Warburg effect [35] . It is now recognized that aerobic glycolysis is a common feature of the metabolism of proliferating cells [36, 37] . For cells in oxygen-rich environments, the mitochondrial TCA cycle coupled to OXPHOS is a more efficient way for ATP production. Pyruvate derived from glycolysis is oxidized to acetyl coenzyme A (acetyl-CoA). Acetyl-CoA then enters the TCA cycle for the generation of NADH and FADH 2 , which in turn transfers electrons to the electron transport chain to support OXPHOS, generating up to 34 more ATP molecules per glucose. The TCA cycle is also a major source of biosynthetic intermediates for the production of amino acids and lipids.
In this review, we first summarize our current understanding of metabolic phenotypes of stem cells and cancer stem cells. We then discuss recent findings on the transcriptional control of stem cell and cancer stem cell metabolism.
Stem Cell Metabolism
PSCs derived from the inner cell mass of pre-implantation embryos, as represented by mouse ESCs, are morphologically and molecularly distinct form those derived from postimplantation epiblasts (epiblast stem cells, EpiSCs). Mouse ESCs are considered to be in a ground or naïve state with unbiased developmental potential when compared with primed mouse EpiSCs, which cannot contribute to chimerism [27] . Mouse ESCs are metabolically bivalent, generating energy from either glycolysis or mitochondrial respiration depending on culture conditions. By contrast, mouse EpiSCs are highly glycolytic with reduced mitochondrial respiratory capacity because of lower expression of cytochrome c oxidase subunits in comparison with mouse ESCs [38] .
Human ESCs are also derived from the inner cell mass. However, human ESCs morphologically and molecularly resemble mouse EpiSCs [39] and rely on glycolytic metabolism for energy production and pluripotency maintenance [38, 40] . Similar to mouse EpiSCs, human ESCs express lower levels of cytochrome c oxidase subunits in comparison with mouse ESCs [38] . In addition, compared with differentiated cells, human ESCs have increased expression of uncoupling protein 2 (UCP2), which promotes glycolysis by diverting pyruvate away from the mitochondria [40] . However, when human ESCs are converted to a naïve pluripotent state, mitochondrial metabolism is activated [41] [42] [43] .
The reprogramming of somatic cells to iPSCs is marked by a shift from OXPHOS to a state of high glycolysis as a result of increased expression of glycolytic enzymes and reduced levels of electron transport chain components [40, 44, 45] . Importantly, the expression of glycolytic genes occurs prior to the expression of pluripotent markers, and stimulation and inhibition of glycolysis increases and reduces reprogramming efficiency, respectively [44] . These findings suggest an active role of metabolic reprogramming in pluripotency generation. However, the metabolic changes that occur during the reprogramming process are probably more complex than a simple switch from OXPHOS to glycolysis. Recent studies have revealed an initial transient increase in OXPHOS early in the reprogramming process, which appears to be essential for the eventual glycolysis switch and successful reprogramming [46, 47] .
All adult tissue stem cells that have been examined so far appear to rely on glycolysis for energy production, including HSCs, NSCs, muscle stem cells, and mesenchymal stem cells. Tissue stem cells are quiescent, which prevents stem cells from exhaustion and allows for dynamic induction of tissue regeneration. Also, adult tissue stem cells reside in a hypoxic niche, which is critical for their maintenance in an undifferentiated and quiescent state [28•, 29-30, 48] . There is evidence suggesting that hypoxic signaling and glycolytic metabolism cooperate in reinforcing cell quiescence and promoting self-renewal [49] .
Cancer Stem Cell Metabolism
Cancer cells reprogram cellular metabolism to meet the energetic and synthetic demands of growth and proliferation [50] . Cancer metabolism is characterized by aerobic glycolysis with a high rate of glucose consumption and lactate production [35] , which diverts glycolic intermediates from mitochondrial ATP production to the biosynthesis of macromolecules needed for cell growth and proliferation [51-52, 53•] . There is evidence suggesting that cancer stem cells are also glycolytic, at least for some cancer types. Cancer stem cells from breast cancer [54] , ovarian cancer [55] , and colon cancer [56] show a significant increase in glucose uptake and lactate production, as well as in glycolytic enzyme expression, when compared to the bulk of tumor. These cancer stem cells also have a decrease in mitochondrial oxidative metabolism.
However, a growing body of evidence supports the notion that cancer stem cells preferentially use mitochondrial oxidative metabolism to meet their energy and biosynthesis requirements [57] [58] [59] . It has been shown that glioblastoma stem cells depend on mitochondrial respiratory chain and OXPHOS, but not on glycolysis, for their energy production, survival, and tumorigenicity [60, 61] . In another study, it was found that leukemia stem cells derived from primary specimens of acute myelogenous leukemia (AML) patients are deficient in utilizing glycolysis but rely on mitochondrial OXPHOS for energy generation, and inhibition of BCL2-dependent mitochondrial respiration effectively eliminates AML stem cells [62] . Similarly, metabolic profiling of cancer stem cells from patients with epithelial ovarian cancer has revealed increased ability to utilize pyruvate via the TCA cycle. These ovarian cancer stem cells also show overexpression of genes associated with mitochondrial OXPHOS and fatty acid β-oxidation (FAO), increased mitochondrial reactive oxygen species (ROS) and membrane potential, and resistance to glucose deprivation [63] . Increased mitochondrial mass has also been found in cancer stem cells isolated from patients with metastatic breast cancer [64] .
Another line of investigation focusing on drug-resistant tumor cells has led to the discovery of a common metabolic program in quiescent tumorigenic cells from different tumors that is characterized by increased OXPHOS and decreased glycolysis [57, 65] . For example, multidrug-resistant melanoma cells with high-level expression of the H3K4 demethylase JARID1B are slow-cycling, self-renewing tumorigenic cells essential for sustaining melanoma in vitro and in vivo [66] . These JARID1B-positive cells display marked upregulation of enzymes involved in OXPHOS, with increased oxygen consumption and mitochondrial ATP production. Moreover, functional OXPHOS is required for the emergence of this subpopulation of slow-cycling tumorigenic cells following drug treatment [67] . Similarly, it has been shown that KRAS ablation leads to the emergence of a subpopulation of slowcycling cells with cancer stem cell properties in a mouse model of pancreatic cancer. Transcriptome analysis indicates significant upregulation of genes involved in mitochondrial electron transport, FAO, and mitochondrial biogenesis. Importantly, KRAS ablation-resistant cells rely more on mitochondrial respiration than on glycolysis for energy production and survival [68••] . It has been suggested that the selection of OXPHOS as a major energy supply route might confer slowcycling cancer stem cells the ability to survive in hypoxic and nutrient-depleted environments [57] .
Interestingly, a recent study has suggested that cancer stem cells could use either OXPHOS or glycolysis for their energy supply. Pancreatic cancer stem cells have a metabolic phenotype marked by increased mitochondrial respiration and reduced glycolytic activity and are vulnerable to OXPHOS inhibition by metformin, which blocks the electron transport chain. However, the cancer stem cells that survived metformin
Transcriptional Regulation of Stem Cell and Cancer Stem Cell Metabolism
The observation that core pluripotency transcription factors can reprogram somatic cells to pluripotency [6] , which is marked by a rewiring of metabolic pathways [31] , suggests that transcriptional regulation is a key mechanism in establishing and maintaining stem cell metabolism. This notion is supported by an ever-increasing body of evidence as discussed below.
HIF1α
Hypoxia-inducible factor 1 (HIF1) is a transcription factor essential for the hypoxic response and is composed of two subunits, HIF1α and HIF1β. HIF1 levels increased under hypoxic conditions and decreased under normoxic conditions as a result of oxygen-dependent prolyl hydroxylation of HIF1α by prolyl hydroxylases, which targets HIF1α for degradation by the von Hippel-Lindau ubiquitin ligase complex [70] . It is well established that a primary function of HIF1 is to promote glycolysis through its transcriptional activation of glycolytic genes from glucose transporters (e.g., GLUT1) to lactate dehydrogenase A (LDHA), as well as metabolic regulators such as pyruvate dehydrogenase kinases (PDKs) [71] [72] [73] [74] . LDHA converts pyruvate to lactate, and PDKs inhibit mitochondrial respiration by inactivating PDH, which converts pyruvate to acetyl-CoA for entry into the TCA cycle (Fig. 1) .
Recent studies have provided evidence for an essential role of HIF1 in the maintenance of adult tissue stem cells by promoting glycolysis [28•, 72, 75] . Human mesenchymal stem cells express high levels of HIF1α, leading to upregulation of GLUT1, HK2, LDHA, and PDKs and a marked increase in glycolysis [71] . Experiments with mouse HSCs demonstrated that HSCs require a HIF1α-dependent glycolic program for their maintenance and function. Hif1a-deficient mouse HSCs fail to maintain their quiescent state, leading to HSC exhaustion, and these HSCs also have decreased glycolysis and increased mitochondrial metabolism. Importantly, overexpression of either Pdk2 or Pdk4 in Hif1a-deficient HSCs restores glycolysis, cell cycle quiescence, and stem cell function [76, 77] .
HIF1α also has a crucial role in the regulation of PSC metabolism. Mouse EpiSCs are glycolysis dependent and express significantly higher levels of HIF1α target genes compared with mouse ESCs. Moreover, overexpression of HIF1α in mouse ESCs is sufficient to induce a switch from bivalent metabolism (ESCs) to glycolysis (EpiSCs), demonstrating a causal role of high HIF1α expression in conferring the glycolytic phenotype of EpiSCs [38] . Similarly, HIF1α is required for the metabolic shift from OXPHOS in somatic cells to glycolysis in iPSCs during reprogramming by transcriptional upregulation of PDKs and pyruvate kinase isoform M2 (PKM2) [78, 79] .
MEIS1
Myeloid ecotropic insertion site 1 (MEIS1) is a homeodomain-containing transcription factor with a wellestablished role in normal hematopoiesis and leukemia pathogenesis [80] . Recent studies have identified an important role of Meis1 in promoting glycolysis in HSCs by transcriptional activation of Hif1α expression [81, 82] . Adult mouse HSCs with inducible Meis1 deletion exhibit loss of quiescence and the ability to repopulate the bone marrow after transplantation. Meis1-deficient HSCs also show downregulation of Hif1α and Hif2α, leading to metabolic reprogramming from glycolysis to mitochondrial respiration with increased production of ROS. Moreover, the phenotype of Meis1-deficient HSCs can be rescued by treatment of Meis1 knockout mice with the antioxidant N-acetylcysteine [82] . These findings reveal an essential role of MEIS1 in the maintenance of HSC metabolism and function.
MYC
The MYC family of oncoproteins (MYC, MYCN, and MYCL) are master transcription regulators of cell proliferation, and their genes are targeted by genomic amplification in many types of cancer [83] . It is well established that MYC has a key role in metabolic reprogramming during cell proliferation and tumorigenesis [53, 74, 84] . MYC stimulates glucose uptake, glycolysis, and lactate generation by directly activating the transcription of the glucose transporter gene GLUT1 and many glycolytic genes including enolase 1 (ENO1), HK2, LDHA, and PKM2 (Fig. 1) [74, 85, 86] .
The MYC-mediated glycolytic program may have a key role in the maintenance of the undifferentiated state of neural stem cells or progenitor cells. MYC and MYCN directly activate the expression of HK2 and LDHA in neural progenitor cells, which rely on aerobic glycolysis for energy production and survival. Neuronal differentiation of neural progenitor cells is marked by a switch from aerobic glycolysis to OXPHOS. This metabolic reprogramming is essential for the survival of differentiated neurons. Mechanistically, the differentiation process induces downregulation of MYC and MYCN, leading to a reduction in HK2 and LDHA levels [87] .
In pancreatic cancer stem cells, MYC has a major role in switching the metabolism from OXPHOS to glycolysis [33, 69] . These cancer stem cells depend on OXPHOS for energy production as a result of suppression of MYC, which directly represses the transcription of peroxisome proliferatoractivated receptor gamma coactivator 1-alpha (PPARGC1A, also known as PGC1α), a master regulator of mitochondrial biogenesis [88] . Treatment with the electron transport chain inhibitor metformin triggers energy crisis and apoptosis in pancreatic cancer stem cells, leading to the emergence of metformin-resistant pancreatic cancer stem cells that display increased glycolytic metabolism. The metabolic reprogramming in metformin-resistant CSCs is mediated by increased expression of MYC, which promotes glycolysis while repressing OXPHOS at the same time. Genetic or pharmacological inhibition of MYC is able to reverse the resistance of pancreatic cancer stem cells to metformin [69] . Thus, MYC has an important function in driving glycolytic metabolism in stem cells and cancer stem cells.
NANOG
NANOG is a homeodomain transcription factor essential for establishing and maintaining pluripotency [89] . A recent study also suggested a critical role of NANOG in maintaining liver cancer stem cells. Working with several mouse models of liver cancer, Chen et al. showed that NANOG is critical for liver cancer development, promoting tumor progression by reprogramming mitochondrial metabolism in liver cancer stem-like cells [90] . NANOG binds to the promoter of OXPHOS genes and represses their expression, resulting in a reduction in mitochondrial respiration and ROS generation. In addition, NANOG transcriptionally activates genes involved in FAO, leading to an increase in FAO activity. Overexpression of OXPHOS genes or silencing FAO genes inhibits the selfrenewal capacity of liver cancer stem cells, providing further evidence that NANOG sustains liver cancer stem cells by inhibiting OXPHOS and by activating FAO [90] .
OCT4
Octamer-binding transcription factor 4 (OCT4) is a POUdomain transcription factor that functions as a master regulator of PSC self-renewal and pluripotency [91] . OCT4 is also one of the four factors used to generate iPSCs [6] . A recent study provided evidence for Oct4 in transcriptional activation of glycolysis in mouse ESCs [92] . It was shown that Oct4 can directly activate the transcription of Hk2 and Pkm2. Moreover, overexpression of Hk2 and Pkm2 in mouse ESCs is sufficient to increase glycolysis and to inhibit ESC differentiation triggered by withdrawal of leukemia inhibitory factor or by silencing the expression of Oct4 [92] . These findings link Oct4, a core pluripotency factor, to direct control of ESC glycolytic metabolism.
PGC1/PPARGC1
The PGC1 family of transcription coactivators, PGC1α and PGC1β, play a major role in transcriptional activation of mitochondrial biogenesis and functional capacity. Forced expression of PGC1α is sufficient to drive mitochondrial biogenesis and upregulation of genes encoding enzymes and protein components of the electron transport chain, FAO, and the TCA cycle. The function of PGC1α and PGC1β is dependent on their activity as co-activators of transcription factors that activate the expression of nuclear genes encoding mitochondrial enzymes and proteins. These transcription factors include nuclear respiratory factors (NRF1 and NRF2), peroxisome proliferator-activated receptor α (PPARα), and estrogen-related receptors (ERRα, ERRβ, and ERRγ) [88] .
Although it is well documented that reprogramming of somatic cells to iPSCs requires a metabolic switch from OXPHOS to glycolysis [31, 93] , recent evidence indicated that OXPHOS may have a critical role in the reprogramming process. Kida et al. reported recently that early in the reprogramming process, ERRα and ERRγ, along with their co-activators PGC1α and PGC1β, are transiently induced, leading to a burst in OXPHOS activity. Importantly, this temporary increase in OXPHOS is necessary for iPSC generation, indicating a crucial function of mitochondrial metabolism in pluripotency induction [47] . Interestingly, a more recent study suggested that the early burst in OXPHOS and ROS induces nuclear factor (erythroid-derived 2)-like 2 (NFE2L2, also known as NRF2), a master regulator of the stress response. NFE2L2 then transcriptionally activates HIF1α expression, which in turn drives the metabolic switch toward glycolysis. Moreover, destabilization of NFE2L2 significantly inhibits the metabolic reprogramming and decreases reprogramming efficiency [46] .
There is also evidence indicating an important role of PGC1α in the maintenance of drug-resistant tumorigenic melanoma cells [94, 95] . Melanoma tumors with high expression of PGC1α exhibit increased mitochondrial respiration and decreased glycolytic activity. This metabolic program is essential for the tumorigenic potential of PGC1α-positive melanoma cells. Further investigation revealed that PGC1α expression is under the control of microphthalmia-associated transcription factor (MITF), a melanocyte-lineage transcription factor that functions as a lineage survival oncogene in melanoma [96] . MITF binds to the promoter of PGC1α and activates its transcription [95] . Interestingly, treatment of melanoma cells with inhibitors of BRAF, an oncogene important in melanoma development, induces MITF and PGC1α, leading to an increase in OXPHOS activity. Moreover, forced expression of PGC1α protects melanoma cells from BRAF inhibition [94] . These findings suggest that a shift to mitochondrial OXPHOS is an important mechanism for the emergence of drug-resistant melanoma cells.
STAT3
Signal transducer and activator of transcription 3 (STAT3) is a key downstream mediator of action of the leukemia inhibitory factor (LIF) in supporting long-term self-renewal of mouse ESCs [97] , which are metabolically bivalent, using either OXPHOS or glycolysis for energy generation [38] . A recent study provides evidence for Stat3 in promoting mitochondrial metabolism in mouse ESCs by transcriptional activation of mitochondrial genes [98] . It was found that Stat3 binds to the mitochondrial genome and upregulates genes encoding subunits of the mitochondrial respiratory chain, leading to increased mitochondrial respiration. This increase in OXPHOS is crucial for optimal proliferation of mouse ESCs. Forced expression of a fusion Stat3 with mitochondrial localization signal is sufficient to promote self-renewing proliferation of mouse ESCs. Importantly, Stat3 was also found to upregulate mitochondrial genes and to increase mitochondrial respiration during reprogramming of primed EpiSCs to naïve pluripotent iPSCs, suggesting an important function of LIFStat3 signaling in establishing the metabolic phenotype of naïve pluripotent cells [98] .
Conclusions
It is now well recognized that metabolism is not only crucial for the maintenance of stem cells, including cancer stem cells, but also has an important role in determining their functions and fates. It is therefore interesting to note that whereas normal stem cells are mostly glycolytic, cancer stem cells rely predominantly on mitochondrial respiration for energy production. The underlying molecular mechanism remains poorly understood. Although it has been suggested that quiescent state might be intrinsically associated with the dependence on mitochondrial respiration [57] , this model cannot readily explain the glycolytic phenotype of quiescent adult tissue stem cells. Transcription factors apparently promote either glycolysis or mitochondrial respiration, but not both, suggesting that normal and cancer stem cells might use distinct transcriptional programs for control of their metabolic states. Identification of intrinsic and environmental factors that influence the choice may suggest new therapeutic strategies for targeting cancer stem cells while sparing normal stem cells.
